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ABSTRACT 
those o f  t h e  
var iances  i n  
change angle 
breakups. Th 
f ragmenta ion 
The v e l o c i t y  p e r t u r b a t i o n s  o f  t h e  fragments o f  a s a t e l l i t e  can shed 
v a l u a b l e  i n f o r m a t i o n  r e g a r d i n g  t h e  n a t u r e  and i n t e n s i t y  o f  t h e  
f ragmentat ion.  A f e a s i b i l i t y  s t u d y  on c a l c u l a t i n g  t h e  v e l o c i t y  
p e r t u r b a t i o n s  from e x i s t i n g  equat ions was c a r r i e d  o u t  by a n a l y z i n g  23 
major  documented f ragmenta t ion  events .  I t  was found t h a t  whereas t h e  
c a l c u l a t e d  va lues o f  t h e  r a d i a l  components o f  t h e  v e l o c i t y  change were 
o f t e n  u n u s u a l l y  h igh ,  those i n  t h e  two o t h e r  or thogonal  d i r e c t i o n s  were 
m o s t l y  reasonable.  S ince t h e  u n c e r t a i n t i e s  i n  t h e  r a d i a l  component 
n e c e s s a r i l y  t r a n s l a t e  i n t o  u n c e r t a i n t i e s  i n  t h e  t o t a l  v e l o c i t y  change, 
i t  i s  suggested t h a t  a l t e r n a t i v e  express ions f o r  t h e  r a d i a l  component 
o f  v e l o c i t y  be sought f o r  t h e  purpose o f  de termin ing  t h e  cause o f  t h e  
f ragmenta t ion  from t h e  t o t a l  v e l o c i t y  change. The c a l c u l a t e d  var iances  
i n  t h e  v e l o c i t y  p e r t u r b a t i o n s  i n  t h e  two d i r e c t i o n s  or thogonal  t o  t h e  
r a d i a l  v e c t o r  i n d i c a t e  t h a t  t h e y  have t h e  s m a l l e s t  va lues f o r  c o l l i s i o n  
induced breakups and t h e  l a r g e s t  va lues f o r  l o w - i n t e n s i t y  e x p l o s i o n  
induced breakups. The corresponding var iances  f o r  h i g h - i n t e n s i t y  
e x p l o s i o n  induced breakups g e n e r a l l y  have va lues  i n t e r m e d i a t e  between 
two extreme c a t e g o r i e s .  A three-d imensional  p l o t  o f  t h e  
t h e  two or thogonal  v e l o c i t y  p e r t u r b a t i o n s  and t h e  p lane 
o f  
t e  
shows a c l e a r  s e p a r a t i o n  between 
s i n f o r m a t i o n  i s  used t o  r e c l a s s  
events  o f  unknown category.  
t h e  t h r e e  major  types 
fy  a number o f  s a t e l l  
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INTRODUCTION 
Since t h e  launch o f  Sputn ik  1, over  16,000 p ieces o f  man-made o b j e c t s  
have c i r c l e d  t h e  e a r t h  (NSSC S a t e l l i t e  Catalog, 1985). O f  these, a lmost  
6,000 a r e  s t i l l  i n  o r b i t ,  b u t  o n l y  5 percent  a r e  u s e f u l  f u n c t i o n i n g  
sate1 1 i t e s  (Johnson, 1985). The number o f  smal l  e r  , u n t r a c k a b l  e and un- 
ca ta loged o b j e c t s  i s  b e l i e v e d  t o  be severa l  t i m e  h i g h e r  (Sehnal , 1984; 
T a f f ,  e t  a1 . , 1984).  
Almost h a l f  o f  t h e  ca ta loged o r b i t a l  " d e b r i s "  o r i g i n a t e d  from t h e  
f ragmenta t ion  o f  s a t e l l i t e s .  As o f  January 1986, over  90 documented 
cases o f  s a t e l l i t e  f ragmenta t ion  events  have taken p lace  (Johnson, e t  
a1 . , 1986).  Each event  can c r e a t e  up t o  severa l  hundreds o f  a d d i t i o n a l  
t r a c k a b l e  d e b r i s  p l u s  an unknown number o f  u n t r a c k a b l e  ones, thus  
i n c r e a s i n g  t h e  p o p u l a t i o n  o f  unwanted, hazardous m a t e r i a l  i n  space. 
S a t e l l i t e s  can break up from exp los ions  or  through c o l l i s i o n s  w i t h  o t h e r  
o b j e c t s .  O f  these, e x p l o s i o n  has been t h e  major  cause o f  breakups. 
Accord ing t o  Bess (1975),  two c lasses o f  exp los ions  a r e  recognized.  I n  a 
h i g h - i n t e n s i t y  exp los ion ,  t h e  e x p l o s i v e  charge i s  i n  d i r e c t  c o n t a c t  w i t h  
t h e  s p a c e c r a f t  s t r u c t u r e ,  e.g., i g n i t i o n  o f  excess f u e l .  I n  a low- 
i n t e n s i t y  exp los ion ,  on t h e  o t h e r  hand, t h e  charge i s  n o t  i n  d i r e c t  
c o n t a c t  w i t h  t h e  s p a c e c r a f t  s t r u c t u r e ,  e.g., a pressure vessel  exp los ion .  
S a t e l l i t e s  can a l s o  break up f rom c o l l i s i o n  w i t h  a man-made o b j e c t  o r  a 
n a t u r a l  m e t e o r i t e .  A c o l l i s i o n  can be p a r t  o f  an a n t i - s a t e l l i t e  t e s t i n g .  
I n  l o w  e a r t h  o r b i t  space, t h e  average r e l a t i v e  v e l o c i t y  o f  c o l l i s i o n s  
between two o b j e c t s  i s  c a l c u l a t e d  t o  be about 10 km/s ( K e s s l e r  and 
Cour-Palais,  1978), thus  p l a c i n g  t h e  c o l l i s i o n  i n  t h e  h y p e r v e l o c i t y  
range. The average r e l a t i v e  angle between two c o l l i d i n g  o b j e c t s  i s  
es t imated  t o  be around 90 degrees (Chobotov, 1983). 
The ca ta loged s a t e l l i t e  f ragmenta t ion  events  have been c a t e g o r i z e d  i n t o  
t h e  f o l l o w i n g  t h r e e  c lasses  (Johnson, e t  a1 . , 1986). About o n e - s i x t h  a r e  
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due t o  p r o p u l s i o n  r e l a t e d  causes -- v a l v e  f a i l u r e  i n  a r o c k e t  motor,  
m i x i n g  o f  v o l a t i l e  f u e l s ,  i g n i t i o n  o f  excess f u e l ,  e t c .  About a t h i r d  
have been d e l i b e r a t e  -- a n t i - s a t e l l i t e  t e s t i n g ,  d e s t r u c t i o n  o f  s e n s i t i v e  
hardware o r  mal f u n c t i o n i n g  equipment. The remain ing ha1 f o f  a l l  breakups 
a r e  o f  unknown cause -- t h e r e  was l i t t l e  o r  no f u e l  on board and no 
t r a c k a b l e  o b j e c t s  nearby. T h i s  r a i s e s  t h e  s e r i o u s  concern about t h e  
p o s s i b i l i t y  t h a t  some o f  t h e  unknown breakup cases m i g h t  have been due 
t o  c o l l i s i o n  w i t h  a smal l  u n t r a c k a b l e  o b j e c t .  
. 
An e a r l y  e f f o r t  i n  u s i n g  d e b r i s  c h a r a c t e r i s t i c s  as a t o o l  t o  d i s t i n g u i s h  
between e x p l o s i o n  and c o l l i s i o n  induced s a t e l l i t e  breakups was c a r r i e d  
o u t  b y  Culp and McKnight (Culp,  1986).  They developed a S a t e l l i t e  
Fragmentat ion Event (SAFE) Test ,  which generates a score as t o  t h e  more 
probable cause o f  f ragmenta t ion :  e x p l o s i o n  o r  c o l l i s i o n .  The mass 
d i s t r i b u t i o n  o f  t h e  fragments as i n f e r r e d  from r a d a r  c r o s s - s e c t i o n  
measurements were compared w i t h  those o f  earth-based e x p l o s i o n  and 
c o l l i s i o n  exper iments from Bess (1975) .  A lso  considered i n  t h e  SAFE 
T e s t  were t h e  r e l a t i v e  d i s p e r s i o n  o f  l a r g e r  fragments, o r d e r l i n e s s  and 
symmetry o f  Gabbard diagrams and t h e  dependence o f  v e l o c i t y  p e r t u r b a t i o n s  
on mass. 
The SAFE Tes t  has been deemed f a i r l y  success fu l  i n  d i s t i n g u i s h i n g  
between exp los ions  and smal l  p a r t i c l e  c o l l i s i o n s  b u t  i s  somewhat 
s u b j e c t i v e  i n  n a t u r e  as i t  depends upon t h e  s k i l l  o f  t h e  per former.  
A l so ,  t h e  Gabbard diagrams a r e  a1 t e r e d  b y  t h e  "age" o f  t h e  da ta  due t o  
atmospher ic d rag  and t h e  b e s t  da ta  j u s t  a f t e r  t h e  event  a r e  g e n e r a l l y  
unavai  1 ab1 e. 
One parameter t h a t  i s  l e a s t  a f f e c t e d  by t h e  age o f  t h e  da ta  i s  t h e  p lane 
change angle o f  t h e  f ragments,  s i n c e  t h e  i n c l i n a t i o n  o f  a s a t e l l i t e  i s  
u n a f f e c t e d  by atmospher ic drag. Badhwar, e t  a l .  (1987) u t i l i z e d  t h i s  
f a c t  t o  develop a scheme o f  d e t e r m i n i n g  t h e  cause o f  s a t e l l i t e  
f ragmenta t ion  which i s  bo th  o b j e c t i v e  and f r e e  from t h e  "ageing" e f f e c t  
o f  t h e  data.  Based on t h e  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  o f  t h e  p lane 
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change angles and r a d a r  c ross-sec t ions  o f  known f ragmenta t ion  cases, 
t h e y  came up w i t h  a scheme t o  d i s t i n g u i s h  between t h r e e  c lasses  o f  
s a t e l l i t e  breakups: c o l l i s i o n  induced, h i g h - i n t e n s i t y  e x p l o s i o n  induced 
and l o w - i n t e n s i t y  e x p l o s i o n  induced breakups. 
A s e t  o f  q u a n t i t i e s  which can be r e a d i l y  c a l c u l a t e d  from t h e  fragment 
da ta  u s i n g  e x i s t i n g  equat ions and which can p r o v i d e  v a l u a b l e  i n f o r m a t i o n  
r e g a r d i n g  t h e  breakup a r e  t h e  v e l o c i t y  changes impar ted  t o  t h e  f ragments 
d u r i n g  t h e  f ragmenta t ion  event .  McKnight (Culp,  1986) and K l i n g  (1986) 
pursued t h i s  course t o  some e x t e n t ,  b u t  l a t e l y ,  such e f f o r t s  have been 
q u i e t l y  abandoned because t h e  r e s u l t s  ob ta ined were o f t e n  thought  t o  be 
u n r e a l i s t i c  (Reynolds, 1987).  
I n  t h e  present  s tudy,  we have re-examined t h e  f e a s i b i l t y  o f  t h e  above 
approach by s t u d y i n g  severa l  documented cases o f  f ragmenta t ion  events  
and a n a l y z i n g  t h e  c a l c u l a t e d  v e l o c i t y  p e r t u r b a t i o n s  by s t u d y i n g  t h e i r  
f requency d i s t r i b u t i o n s ,  s tandard d e v i a t i o n  and var iance,  and t h e i r  
r e l a t i o n s  t o  t h e  r a d a r  c ross-sec t ions  and p lane change angles.  New s i g n s  
f o r  c h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  v a r i o u s  types o f  breakups have been 
sought and t h e  r e s u l t s  o f  t h e  s t u d y  a r e  then used t o  r e c l a s s i f y  a few 
unknown c a t e g o r i e s  o f  s a t e l l i t e  breakups. 
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EQUATIONS 
The changes in the three orthogonal components of velocity of a fragment 
A v r ,  A v e  and Av, (henceforth denoted by A v x )  can be determined from the 
observed changes i n  the semi-major axis ,  eccentr ic i ty  and inclination Aa, 
Ae and Ai from the following equations (Meirovitch, 1970) : 
2 e 2 r  
7 Ave a 
sine A v r  + - (1-e - ar  I Ae = (1-e2)? na 
r cos(w+e) 
Avx ’ na2( 1 -e2) 
and Ai = ( 3 )  
where a i s  the semi-major axis ,  e the eccentr ic i ty ,  r the r a d i a l  distance, 
n the mean motion, w the argument of perigee and 8 the true anomaly a t  
the point of fragmentation. Eliminating Avr and Ave from Eqs.(l)  a n d  ( 2 )  
and rewriting, 
2ae Ae - (1-e - ) Aa 1 ’  ( 4 )  2 2 r  
2er2 sine a 
2r 
Ai . - na 2 ( I - e  2 3  ) 
r cos(w+e) Av X 
and 
(5) 
The orbital  elements of cataloged s a t e l l i t e  fragmentation events are 
readily available from a technical report by Johnson, e t  a l .  (1986) in 
which the following quantit ies are cataloged whenever available: the 
inclination i ,  a l t i tude  of breakup h ,  a l t i tude  o f  perigee h a l t i tude  
o f  apogee h a ,  t rue anomaly 8 ,  the time period T, l a t i tude  A and longitude 
@. If  ro i s  the radius o f  the ear th ,  we have immediately: 
P ’  
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r +r 2ro+ha+h 
a = - -  a P -  P 
2 2 
r -r h -h 
e = - -  a p -  a P  
r a + r  P 2ro+ha+hp , 
( 7 )  
r = r + h .  
0 
and 
2lT 4 
A1 so, n = - =  [ a )  , 
T 
where v ,  t h e  product  o f  t he  un ive rsa l  g r a v i t a t i o n a l  cons tan t  G and the  
mass o f  t he  e a r t h  M, i s  r e f e r r e d  t o  as the  g r a v i t a t i o n a l  parameter. The 
argument o f  l a t i t u d e  u = w + 8 can be ca l cu la ted  as fo l l ows .  Since u i s  
t he  angle between the  ascending node (Ao ,  $o) and t h e  event  p o i n t  (A, Cp) , 
we have ( c f .  G e l l e r t ,  e t  a1 . , 1977) 
cos u = s i n h  sinh, + cosh cash, . (11 1 
Now ho = 0' and Cpo can be read from the  s a t e l l i t e  map (Johnson, e t  a1 . , 
1986) , whence 
(1 2) u = cos -1 [cosx c o s ( ~ - $ o ) l  . 
The semi-major ax is ,  e c c e n t r i c i t y  and i n c l i n a t i o n  o f  t h e  fragemnts are 
read from NORAD d a t a  f i l e s ,  from which Aa, A e  and A i  a r e  c a l c u l a t e d .  
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RESULTS 
Altogether 23 major s a t e l l i t e  fragmentation events belonging t o  the 
following categories were studied: col l is ion induced breakups, e .g . ,  
Solwind P-78; low-intensity explosion induced breakups, e.g. ,  Delta 2nd 
stage rocket explosions due t o  hypergolic fuel ignit ion; high-intensity 
explosion induced breakups, e.g., planned fragmentations of Cosmos 
s a t e l l i t e s  as p a r t  of alleged Soviet ASAT t e s t s ;  and unknown categories. 
These events contributed t o  nearly 80% of a l l  documented debris from 
s a t e l l i t e  fragmentation events. Double and multiple events were n o t  
considered i n  t h i s  study. 
An inspection of Eq . (4 )  reveals t h a t  the values of A v r  become exceedingly 
h i g h  in the following cases. First, i f  the fragmentation took place near 
the apogee ( e . g . ,  NOAA-3 ,  NOAA-4 and Transit 4 A  rockets) or near perigee 
(e.g. ,  Cosmos 252 and Cosmos 375 s a t e l l i t e s ) ,  then the small denominator 
i n  E q . ( 4 )  yields unusually h i g h  values for A v r .  Tak ing  natural logarithms 
and different ia t ing b o t h  sides of E q . ( 4 ) ,  we get 
d(Avr)  - dn 2 da f d(1-e2) + - - - - - -  df de 2 d r  d(sin0) 
sin0 ' - - + - +  f e  r a 1 -e2 n r 
2 2 r  
a 
where f(a,e,Aa,Ae) = 2ae Ae - (1-e - -2- ) Aa . 
Simp1 i fying and rearranging , 
d f  d r  cot0 d0 . (13 )  d (Avr )  - d n  2 da  de - - + - -  r n a e ( l _ e ~ ) + ~ - - -  r 
Evidently, the percentage error  i n  Avr due t o  the l a s t  term i n  Eq.(13)  
alone i s  i n f in i t e  a t  apogee ( 0  = 180") o r  perigee ( 0  = 0" ) .  Even w i t h  an 
accuracy of d0 = l o ,  the percentage errors owing  t o  the l a s t  term a t  l o ,  
2" and 3' on e i ther  side of apogee and perigee are loo%, 50% and 33% 
respectively. Secondly, for nearly c i rcular  orb i t s  having eccentr ic i t ies  
of 0.002 or less  (e .g . ,  NOAA-3, N O A A - 4 ,  NOAA-5 Landsat 3 and OPS 7613 
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rocke ts ,  Cosmos 1375 and Solwind s a t e l l i t e s  and Spot 1 Ar iane 3 r d  s tage 
r o c k e t ) ,  t h e  second term i n  Eq.(4) aga in  d i c t a t e s  h i g h  va lues o f  t h e  
same s i g n  f o r  Av,. Equat ion ( 6 )  a l s o  i n d i c a t e s  t h a t  Avx can have ab- 
n o r m a l l y  h i g h  va lues  when t h e  argument o f  l a t i t u d e  i s  c l o s e  t o  90' o r  
270". However, we d i d  n o t  encounter an a c t u a l  case l i k e  t h a t  i n  o u r  
examples. .The va lues  of  Ave, on t h e  o t h e r  hand, were always r e a l i s t i c .  
Thus, t o  sum up, t h e  c a l c u l a t e d  va lues o f  Avr were f r e q u e n t l y  u n r e l i a b l e ,  
whereas t h e  va lues o f  Ave and Avx were m o s t l y  r e l i a b l e .  Hence t h e  r e s t  
o f  t h i s  s t u d y  was focussed on Ave and Avx and n o t  on Avr. Fur ther ,  s i n c e  
t h e  l a r g e  va lues  o f  Avr n e c e s s a r i l y  t r a n s l a t e  i n t o  l a r g e  va lues o f  Av, 
t h e  n e t  v e l o c i t y  change, i t s  r o l e  i n  t h i s  s t u d y  was a l s o  min imized.  
F i g u r e  1 i s  an i l l u s t r a t i v e  example o f  t h e  f requency d i s t r i b u t i o n s  o f  
t h e  v e l o c i t y  p e r t u r b a t i o n s .  The fragments belonged t o  Solwind which was 
i n t e n t i o n a l l y  dest royed through h y p e r v e l o c i t y  impact  as p a r t  o f  an 
a l l e g e d  US ASAT T e s t  ( K l i n g ,  1986).  The d i s t r i b u t i o n s  o f  Ave and Avx 
were c l o s e r  t o  Gaussian ones than t h a t  o f  Avr. There were s l i g h t l y  more 
n e g a t i v e  va lues i n  Ave and s l i g h t l y  more p o s i t i v e  va lues i n  Avx b u t  t h e  
Avr's were m o s t l y  negat ive .  T h i s  i s  a lmost  c e r t a i n l y  due t o  t h e  n e a r l y  
c i r c u l a r  o r b i t  o f  Solwind p r i o r  t o  t h e  breakup ( e  = 0.0022) as d iscussed 
e a r l i e r .  The d i s t r i b u t i o n  o f  Av i s  more o r  l e s s  exponent ia l  as expected. 
The magnitude o f  Av has been used as one o f  t h e  pr ime c r i t e r i a  i n  
d i s t i n g u i s h i n g  between e x p l o s i o n  and c o l l i s i o n  induced breakups by 
McKnight (Cul  p, 1986). Accord ing t o  earth-based exper iments,  t h e  l a r g e r  
fragments w i l l  a c q u i r e  much l a r g e r  v e l o c i t y  p e r t u r b a t i o n s  i n  an e x p l o s i o n  
than i n  a c o l l i s i o n  (Bess, 1975). Our c a l c u l a t i o n s  g i v e  t h e  lowest  va lues  
t o  A v ' s  f o r  Cosmos 839 and Cosmos 1375, which would a lmost  c e r t a i n l y  
p l a c e  them i n  t h e  c o l l i s i o n  category,  i n  general  agreement w i t h  t h e  
a n a l y s i s  o f  McKnight (Culp,  1986). The Cosmos 1275 and Solwind P-78 
fragments had s i g n i f i c a n l  t y  h i g h e r  Av 's  b u t  t h e y  were s t i l l  c o n s i d e r a b l y  
s m a l l e r  than those o f  e x p l o s i v e  fragments. It may be noted t h a t  Cosmos 
1275 i s  c l a s s i f i e d  i n  t h e  c o l l i s i o n  ca tegory  by McKnight (Culp,  1986), 
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Fig. 1 .  Frequency distributions o f  Av,, A v o ¶  Avx and Av of fragments of 
Solwind P-78. The velocities are i n  units o f  m/s. 
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b u t  t h e  a n a l y s i s  o f  Badhwar, e t  a l .  (1987) p laces  a much s m a l l e r  
p r o b a b i l i t y  f o r  t h a t  l i k e l i h o o d .  However, one cannot p u t  t o o  much 
emphasis on t h e  magnitudes o f  t h e  v e l o c i t y  p e r t u r b a t i o n s  b e a r i n g  i n  mind 
t h e  u n c e r t a i n t i e s  i n  Avr and consequent ly  those i n  Av. 
F i g u r e  2 i s  a two-dimensional p l o t  o f  t h e  v e l o c i t y  p e r t u r b a t i o n s  o f  
Solwind fragments i n  t h e  8-x p lane.  The r e l a t i v e  mgnitudes o f  t h e  r c s  
va lues o f  t h e  fragments a r e  a l s o  i n d i c a t e d  i n  t h e  diagram. I n  t h e  case 
o f  a c o l l i s i o n  w i t h  a smal l  o b j e c t ,  one would expect  t h e  s m a l l e r  fragments 
t o  be d ispersed more than t h e  l a r g e r  ones (Bess, 1975), b u t  t h a t  i s  n o t  
v e r y  e v i d e n t  f rom t h e  diagram. One must r e c a l l ,  however, t h a t  Solwind 
was made t o  c o l l i d e  w i t h  an o b j e c t  o f  comparable mass ( K l i n g ,  1986).  
Moreover, a c o l l i s i o n  can range from a head-on c o l l i s i o n  t o  a g l a n c i n g  
one and each can have i t s  own c h a r a c t e r i s t i c s .  
F i g u r e  3 i s  a three-d imensional  p l o t  o f  t h e  or thogonal  components o f  t h e  
v e l o c i t y  p e r t u r b a t i o n s  o f  Sol w i  nd fragments. The r e 1  a t i v e  magnitudes o f  
t h e  r c s  va lues are,  once aga in  i n d i c a t e d  i n  t h e  diagram. There seems t o  
be t h e  appearence o f  a main c l u s t e r  o f  fragments t o g e t h e r  w i t h  a more 
d ispersed secondary one. But  i n  v iew o f  t h e  u n c e r t a i n t i e s  i n  Av, t h i s  
f e a t u r e  cannot be taken s e r i o u s l y .  
F i g u r e  4 i s  a p l o t  o f  t h e  f requency d i s t r i b u t i o n s  o f  v e l o c i t y  p e r t u r b a t i o n s  
o f  t h e  Solwind fragments i n  t h e  8-x plane. A c l o s e  s c r u t i n y  r e v e a l s  t h e  
appearence o f  a r e l a t i v e l y  smal l  s c a t t e r  o f  t h e  fragments. A lso  conspicuous 
a r e  two w e l l - d e f i n e d  peaks, which was a unique f e a t u r e  among a l l  t h e  
f ragmenta t ion  cases s t u d i e d .  Whether t h e  two peaks belonged t o  t h e  
i n t e r c e p t o r  and t h e  t a r g e t  parents  i s  imposs ib le  t o  a s c e r t a i n  a t  p resent .  
F i g u r e  5 i s  a s i m i l a r  p l o t  f o r  t h e  fragments o f  NOAA-5 second stage 
r o c k e t ,  which i s  one o f  t h e  severa l  cases o f  l o w - i n t e n s i t y  e x p l o s i o n  
i n v o l v i n g  a D e l t a  second stage r o c k e t .  Here, t h e  s c a t t e r  o f  t h e  fragments 
i s  r e l a t i v e l y  l a r g e .  A lso  t h e r e  i s  o n l y  one main peak i n  t h e  f requency 
p l o t .  
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Calcu la ted  var iances  o f  t h e  v e l o c i t y  p e r t u r b a t i o n s  b e t r a y  a most 
impor tan t  f i n d i n g  o f  t h i s  s tudy :  t h e  c o l l i s i o n  induced breakups have 
t h e  l e a s t  var iances  i n  Avg and Avx and t h e  l o w - i n t e n s i t y  e x p l o s i o n  
induced breakups have t h e  h i g h e s t  var iances  i n  Avg and Avx whereas t h e  
h i g h - i n t e n s i t y  e x p l o s i o n  induced breakups g e n e r a l l y  have var iances  
i n t e r m e d i a t e  between t h e  two extreme c lasses .  T h i s  i s ,  o f  course, n o t  
i n c o n s i s t e n t  w i t h  t h e  mechanisms o f  t h e  breakups. A l o w - i n t e n s i t y  
exp los ion ,  l i k e  a p ressure  tank  b u r s t  from d e f l a g r a t i o n  i n  a D e l t a  o r  
Thor-Agena r o c k e t  produces fragments w i t h  a l a r g e  v e l o c i t y  d i s t r i b u t i o n  
whereas a h i g h - i n t e n s i t y  e x p l o s i o n  l i k e  d e l i b e r a t e  de tonat ions  o f  Cosmos 
s e r i e s  sate1 1 i t e s  produces fragments o f  more o r  1 ess u n i f o r m  v e l o c i t y ,  
i .e., w i t h  smal l  v e l o c i t y  d i s t r i b u t i o n  (Benz, e t  a1 ., 1987) .  
The above f i n d i n g  prov ides  us w i t h  a scheme t o  separate t h e  t h r e e  types  
o f  satellite fragmentations: collision induced, low-intensity explosion 
induced and h i g h - i n t e n s i t y  e x p l o s i o n  induced breakups. F i g u r e  6 i s  a 
p l o t  o f  t h e  var iances  i n  Ave and Avx w i t h  t h e  v a r i a n c e  o f  t h e  p lane 
change ang le  as t h e  v e r t i c a l  a x i s .  The p lane change angles were taken 
from t h e  s t u d y  o f  Badhwar, e t  a1 . (1987) .  The p o s i t i o n s  o f  t h e  s a t e l l i t e s  
i n  t h e  3-space o f  F ig .6  c l e a r l y  separate themselves o u t  accord ing  t o  
t h e  f o l l o w i n g  scheme: 
C o l l i s i o n  induced breakups .... low var iances  i n  Avg, Avx and pca 
H i g h - i n t e n s i t y  exp los ions  ... I n t e r m e d i a t e  var iances  i n  t h e  above 
L o w - i n t e n s i t y  exp los ions  ............ High var iances  i n  t h e  above 
The t h r e e  s a t e l l i t e s  w i t h  t h e  l o w e s t  var iances  were Cosmos 1375, Solwind 
P-78 and Cosmos 839, thus  r e a f f i r m i n g  t h e  a s s e r t i o n  t h a t  Cosmos 1375 
and Cosmos 839 were t a r g e t  s a t e l l i t e s  i n  S o v i e t  ASAT t e s t s .  Cosmos 1275, 
c o n t r a r y  t o  McKnight 's  a n a l y s i s  (Culp,  1986), p laces i t s e l f  i n  t h e  
h i g h - i n t e n s i t y  e x p l o s i o n  ca tegory  as does Cosmos 61-63. Nimbus 4 and 
T r a n s i t  4A r o c k e t s  have a l l  t h e  s i g n s  o f  be long ing  t o  t h e  l o w - i n t e n s i t y  
e x p l o s i o n  category.  
It must be p o i n t e d  o u t  t h a t  t h e  present  s tudy,  l i k e  t h e  Gabbard diagram 
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s t u d i e s  o f  Cul p and McKnight (Culp,  1986) , s u f f e r s  from t h e  "ageing" o f  
t h e  fragment data.  To o b t a i n  t h e  b e s t  r e s u l t s ,  one needs t h e  o r b i t a l  
elements o f  t h e  parent  j u s t  p r i o r  t o  t h e  breakup as w e l l  as those o f  
the  fragments r i g h t  a f t e r  i t . U n f o r t u n a t e l y ,  t h i s  i s  seldom r e a l i z e d  
un less  we can a n t i c i p a t e  a breakup beforehand and make t h e  necessary 
observa t ions .  I n  o u r  examples, o f t e n t i m e s  t h e  da ta  were years o l d  and 
severa l  fragments had a1 ready decayed. The "youngest" da ta  , on t h e  o t h e r  
hand, o f t e n  conta ined t h e  fewest  number o f  p ieces.  A j u d i c i o u s  compromise 
always c a l l s  f o r  a s u b j e c t i v e  d e c i s i o n  o f  t h e  u s e r .  
L a s t l y ,  we should seek a l t e r n a t i v e  express ions f o r  t h e  v e l o c i t y  
p e r t u r b a t i o n s  which do n o t  pose such problems as encountered i n  t h i s  
s tudy.  For example, i n  t h e  case o f  n e a r l y  c i r c u l a r  o r b i t s ,  t h e  r a d i a l  
component o f  t h e  v e l o c i t y  p e r t u r b a t i o n  may be approximated by t h e  
normal component, t h e  express ion  f o r  which i s  g i v e n  by E h r i c k e  (1962) :  
a v Ae v = -  
n r s i n e  . 
Here, v i s  t h e  t a n g e n t i a l  v e l o c i t y  o f  t h e  parent  a t  t h e  p o i n t  o f  
f ragmentat ion.  
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CONCLUSIONS 
( 1 )  An a n a l y s i s  o f  c a l c u l a t i n g  v e l o c i t y  p e r t u r b a t i o n s  o f  f ragments o f  a 
d i s i n t e g r a t e d  s a t e l l i t e  i n d i c a t e s  t h a t  whereas t h e  r a d i a l  components 
f r e q u e n t l y  had abnormal ly  h i g h  values, t h e  components i n  t h e  o t h e r  two 
or thogonal  d i r e c t i o n s  had m o s t l y  acceptable va lues.  
( 2 )  The c a l c u l a t e d  var iances  i n  Avo and Avx i n d i c a t e  t h a t  t h e  c o l l i s i o n  
induced breakups had t h e  l e a s t  var iances,  t h e  h i g h - i n t e n s i t y  e x p l o s i o n  
induced breakups had h i g h e r  var iance w h i l e  t h e  l o w - i n t e n s i t y  e x p l o s i o n  
induced breakups had t h e  h i g h e s t  var iances.  
( 3 )  A three-d imensional  p l o t  o f  t h e  var iances  i n  Avo, Avx and pca showed 
a c l e a r  s e p a r a t i o n  i n  t h e  t h r e e  types o f  s a t e l l i t e  breakups which can 
t h e r e f o r e  be used t o  r e c l a s s i f y  breakups o f  unknown causes. 
( 4 )  Cosmos 1375 and Cosmos 839 a r e  thus r e c l a s s i f i e d  as c o l l i s i o n  induced 
breakups; Cosmos 1275 and Cosmos 61-63 a r e  r e c l a s s i f i e d  i n t o  t h e  h igh-  
i n t e n s i t y  e x p l o s i o n  c a t e g o r y  w h i l e  Nimbus 4 and T r a n s i t  4A r o c k e t s  a r e  
r e c l a s s i f i e d  i n t o  t h e  l o w - i n t e n s i t y  e x p l o s i o n  ca tegory .  
( 5 )  Other q u a n t i t i e s  from t h e  s a t e l l i t e  f ragment data,  such as angu lar  
momentum change, energy change, decay r a t e s ,  e t c .  may a l s o  p r o v i d e  
v a l u a b l e  i n f o r m a t i o n  r e g a r d i n g  t h e  n a t u r e  o f  sate1 1 i t e  breakups and they 
c o u l d  be undertaken as l o g i c a l  e x t e n s i o n  o f  t h i s  s tudy .  
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